Thus, detection of the serum CEA level plays an important role in an initial diagnostic evaluation and any follow-up examination during therapy. A number of immunoassay methods to detect CEA levels in serum have been reported, such as chemiluminescence immunoassay, [16] [17] [18] electrochemical immunoassay, 15 enzyme-linked immunosorbent assay, 19, 20 fluoroimmunoassay, 21 liposome immunoassay 22 and radioimmunoassay. 23 An indium-tin oxide (ITO) electrode exhibits prominent characteristics, such as excellent optical transparency, high electrical conductivity, a wide electrochemical working window, excellent substrate adhesion, and stable electrochemical and physical properties. [24] [25] [26] [27] In addition, ITO film has been widely used in industrial applications, and therefore the ITO electrode could be available at very low cost due to mass production. Numerous studies have been conducted for the development and application of ITO electrodes on electronic and optical sensors, 28 the direct electron transfer of proteins, 29 electrochemical measurements, 26, 30 electrochemical nucleic acid biosensors 31 and microfluidic on-chip devices. 27, 32, 33 Usually, silane reagents have been attached to an activated ITO surface under wellcontrolled conditions for the immobilization of immunoreagents in the previous studies. 34, 35 During the past decades, plenty of natural polymers have been used as an immobilization matrix to prepare biosensors. Chitosan, an attractive natural biopolymer with the presence of reactive amino and hydroxyl functional groups, is one of the most promising type immobilization matrix, due to its desirable properties, including excellent membrane-forming ability, good adhesion, low cost, nontoxicity, high mechanical strength and hydrophilicity. 36 It has been extensively used for immunoassay due to the presence of reactive amino and hydroxyl functional groups. 37, 38 Since the gold surface permits an easy absorption of protein molecules, colloidal gold nanoparticles have been used as the matrix for the immobilization of antibodies or antigens [39] [40] [41] in order to retain the bioactivity of macromolecules. It was reported that 3-mercaptopropyl trimethoxysilane has been used to firmly adsorb gold colloids onto functionalized ITO surfaces in the previous studies. 25, 42, 43 Huang and Yang explored an efficient method for the adsorption of colloidal gold nanoparticles on a chitosan membrane on a modified glassy carbon electrode. 44 It was said that this absorption could provide an assembly of gold nanoparticle multilayers and a suitable microenvironment similar to the native environment of bioconjugates in electrochemical immunoassay. 37 Thus, herein we chose this colloidal gold nanoparticles modified chitosan membrane (Au-chitosan) to immobilize CEA antigen. Although some studies using Au-chitosan to immobilize antigens on glassy carbon electrode and carbon-paste electrode have been reported, 37, 45 an optically transparent and conducting ITO electrode has never been used for the immobilization of antigen to fabricate an electrochemical immunosensor. In our work, a disposable electrochemical immunosensor for the determination of CEA has been proposed based on the antigens immobilized on a Au-chitosan modified ITO electrode surface with the competitive immunoassay format. Compared with the results obtained by an immunoradiometric assay (IRMA), the developed immunosensor showed an acceptable accuracy. This strategy could be further developed for practical clinical detections of CEA and other important tumor markers.
Experimental

Reagents and chemicals
ITO sheets (resistance 100 Ω/sqr) were purchased from Shenzhen YH Co. (China). CEA ELISA kits were purchased from Shanghai Jiemen Bio-tech Co. (China). The ELISA kits consisted of a series of CEA standard solutions from 0 to 120 ng/ml concentration and a stock solution of HRP-labeled CEA antibody. Bovine serum albumin (BSA) was purchased from Sigma Chemical Company (St. Louis, MO, USA). Chitosan (MW 1.9 -3.1 × 10 5 ; 85 -90% deacetylation, Aldrich), ophenylenediamine (OPD, Shanghai Biochemical Reagent Company, China), H2O2 (Shanghai Chemical Plant, China) were of analytical grade, and used as received. A chitosan solution (1 wt%) was prepared by ultrasonically dissolving chitosan powder in 1% acetic acid. A H2O2 working solution was prepared by appropriate dilution of a 30% solution in water daily. A 0.1 M phosphate buffer solution (PBS) was used as an electrolyte in the measuring system; 0.01 M PBS was used to dilute the immunological reagents. Doubly distilled water was used throughout the experiment. All electrochemical reactions were carried out under an atmosphere of nitrogen.
Apparatus
Electrochemical measurements were performed on a CHI 832B electrochemical analyzer (Shanghai Chenhua) with a conventional three-electrode system comprised of platinum wire as an auxiliary electrode, Ag/AgCl electrode as a reference and CEA modified ITO electrode as a working electrode.
Transmission electron micrograph (TEM) images were recorded on a JEM-1200EX (JEOL, Japan) transmission electron microscope. Scanning electron microscopic (SEM) image membranes were obtained with a field-emission SEM instrument JSM-6700F (JEOL, Japan).
Preparations of CEA immunosensor
The preparation of gold colloid nanoparticles was according to a method reported previously. 46, 47 Also, a Au-chitosan membrane modified ITO electrode was prepared according to references. 34, 47 The immobilization of CEA was accomplished by dripping 10 μl of an 80 ng/ml CEA standard solution onto the above mentioned prepared membrane. After the evaporation of water at room temperature for about 5 h, the electrode was rinsed thoroughly with double-distilled water, and then dipped in a BSA solution to block the active sites. After drying for 1 h, the obtained immunosensor was kept at 4˚C prior to use. The area of the working surface was about 5 × 6 mm 2 . The immobilization was characterized by SEM, as shown in Fig. 1 .
Electrochemical competitive immunoassay for CEA
The electrochemical detection of CEA was based on a competitive immunoassay format. A schematic diagram of the procedure is shown in Fig. 2 . Firstly, a 5-μl CEA standard or sample solution was mixed with 10 μl of a diluted HRP labeled CEA antibody stock solution (diluted ratio, 1:1) to prepare the incubation solution. Then, the immobilized CEA antigen immunosensor was put in the incubation solution at 35˚C for 20 min for the competitive immunoassay, and the immunoconjugate was formed on the surface of the immunosensor. After the reaction, the immunosensor was carefully rinsed with the doubly-distilled water. The electrochemical measurement was recorded in a 0.1 M PBS solution (pH 5.0) containing 2.0 mM OPD and 0.5 mM H2O2, which was thoroughly deaerated with highly pure nitrogen for 15 min and maintained in a nitrogen atmosphere at 20 ± 0.5˚C. Differential pulse voltammetric (DPV) measurements were performed from -300 to -800 mV 1060 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 with a pulse amplitude of 50 mV and a pulse width of 50 ms.
Results and Discussion
Morphologies of different membranes on an ITO electrode surface
The performance of an electrochemical immunosensor is related to its physical morphology. Thus, the surface morphology of the Au-chitosan membrane is a vital effect factor. The surface morphologies of the membranes were observed by SEM in this work. From the SEM image shown in Fig. 1 , it can be seen that the Au-chitosan membrane showed a clean and homogenous network structure (Fig. 1b) compared to a bare ITO electrode (Fig. 1a) . However, when a Au-chitosan membrane modified ITO electrode was dropped on CEA antigen, its SEM image showed aggregates of the trapped biomolecules with a regular distribution. Thus, the presence of the Au-chitosan membrane played an important role in the immobilization of CEA antigen on the ITO electrode surface (Fig. 1c) .
Electrochemical behaviors of modified ITO electrodes
It is well known that HRP can catalyze the oxidation reaction of OPD by H2O2. The mechanism of enzymatic catalysis and the oxidation reaction has been described. 48 No amperometric response of the Au-chitosan/ITO and CEA/Au-chitosan/ITO was observed in the absence of OPD and H2O2 in 0.1 M PBS (pH 5.0) (Figs. 3a and b) . When 2.0 mM OPD and 0.25 mM H2O2 were added into PBS, the cyclic voltammogram of CEA/Au-chitosan/ITO at 50 mV/s showed a couple of oxidation and reduction peaks for OPD at -595 and -402 mV (Fig. 3c) . After incubation, immunoconjugates on the surface of a CEA/Au-chitosan/ITO electrode were formed, and the HRP labeled antibody bound to the immobilized CEA antigen, leading to an electrocatalytic process in the presence of 2.0 mM OPD and 0.25 mM H2O2 in 0.1 M PBS (pH 5.0), which is shown in Fig. 3d . It can be seen that the reduction peak current of HRP/Au-chitosan/ITO dramatically increased and the oxidation peak current decreased. The pair of oxidation and reduction peaks for OPD was at -553 and -406 mV at 50 mV/s.
Optimal conditions for electrochemical detection
The analytical performance of the CEA immunosensor was related to the concentrations of OPD and H2O2 in the detection solution and the pH value of the substrate solution. When the OPD concentration increased in pH 5.0 PBS containing 0.5 mM H2O2, the DPV current response increased correspondingly, and reached the maximum value at a concentration of 2.0 mM (Fig. 4a) . Thus this concentration was chosen as the optimal OPD concentration. With increasing H2O2 concentration, the DPV current response of the obtained immunoconjugate increased and reached the maximum response in pH 5.0 PBS containing 2.0 mM OPD at a H2O2 concentration of 0.5 mM, which could be used in the current work for the electrochemical competitive immunoassay (Fig. 4b) . The pH value of the solution was also an important parameter and was examined in this work, as shown in Fig. 4c . The immunosensor after incubation with the analyte CEA and HRP-labeled anti-CEA in solution showed the maximum response at a pH value of 5.0 in 0.1 M PBS containing 2.0 mM OPD and 0.5 mM H2O2. Thus, pH 5.0 was selected for the electrochemical immunoassay.
Optimization of the immunoassay procedure
The effect factors of the immunoassay procedure included the optimal dilution of HRP-labeled anti-CEA, the incubation temperature and the time for the immunoreaction. Further, the amount of CEA antigen immobilized on Au-chitosan/ITO was also examined in this work.
The optimal dilution of HRP-labeled anti-CEA was established by using different dilutions to react with the analyte CEA in solution and the immobilized CEA on the immunosensor. Figure 5a shows the experimental results. Because the current response tended to a maximum value at a dilution of 1:2, 1:2 dilution of HRP-labeled anti-CEA was chosen as the working solution throughout the experiment. The formation of an immunoconjugate on the CEA-modified ITO electrode surface 1061 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 depends on the time and temperature of incubation. A sample containing 15 ng/ml CEA was incubated with HRP-labeled anti-CEA, and the immunosensor at different temperatures from 25 to 40˚C was used to select the optimal incubation temperature. As shown in Fig. 5b , the DPV peak current reached the maximum response at 35˚C. At this temperature, the effect of incubation time on the immunoassay was assessed by adding a 10 μl 1:2 dilution of HRP-labeled anti-CEA on an antigenmodified ITO electrode surface. The result is shown in Fig. 5c . The current response increased with increasing incubation time, and reached the maximum value at 20 min. When the incubation time was longer than 20 min, the current response changed slightly, indicating that almost the total amount of HRP-labeled CEA antibodies bound to the immobilized CEA antigens. Therefore, an incubation temperature of 35˚C and an incubation time of 20 min were chosen as the optimal incubation conditions for the immunoassay. The immunoassay partially depended on the binding of HRP-labeled CEA antibodies to the immunosensor, which was related to the immobilization and stability of CEA on the Au-chitosan/ITO. An optimal volume of 10 μl for 80 ng/ml CEA antigen was selected in this work, as shown in Fig. 5d .
Calibration curve of the CEA immunosensor
Under the optimal conditions, the calibration curve for the determination of CEA was obtained by using a CEA/Auchitosan modified ITO electrode as the immunosensor. The DPV peak currents obtained with the competitive immunoassay for CEA are shown in Fig. 6 . With increasing concentration of the analyte CEA antigen, the amount of immunoconjugate formed by the antigen and labeled antibody in the solution increased, while the immunoconjugate formed by immobilized CEA and labeled antibody on the CEA/Au-chitosan/ITO electrode surface decreased. Thus, the DPV peak current response of the immunosensor decreased with increasing concentration of the analyte CEA. A plot of the current response vs. the CEA concentration shows a linear decrease in the concentration range of CEA from 2.0 to 20 ng/ml with a correlation coefficient of 0.997 (Fig. 7) . The detection limit, taken as the concentration equivalent to a 10% decrease in the signal, 16, 36, 49, 50 was calculated to be 1.0 ng/ml. When the CEA concentration was higher than 20 ng/ml, the detection needed an appropriate dilution of the sample.
Accuracy and clinical application
The accuracy of CEA detection was examined by comparing the analytical results of five serum samples with this method and IRMA. The mean CEA concentrations determined with IRMA, were 5.1, 10.4, 16.3, 16.4 and 13.9 ng/ml, respectively, while this method gave the values of 5.4, 9.8, 15.5, 17.8 and 12.9 ng/ml, respectively. The relative deviations between the two methods were 5.89, -5.77, 4.90, 8.54 and -7.19%. Thus, the two methods were in acceptable agreement.
Stability and reproducibility of the CEA immunosensor
The stability of the CEA immunosensor was assessed with intra-and inter-assay variation coefficients (CVs). The intraassay CV was the difference among three determinations of one sample on the same CEA/Au-chitosan modified ITO electrode after the immunosensor was regenerated. The inter-assay CV was the difference among the measurements of one sample on three different CEA/Au-chitosan modified ITO electrodes. The intra-and inter-assay CVs obtained at a CEA concentration of 8.0 ng/ml were 9.5 and 4.5%, respectively. Obviously, the preparation of the immunosensor possessed acceptable reproducibility. After the immunosensor was stored at 4˚C, it retained 90% of its initial current after a storage period of 2 weeks. These results demonstrated that the immunosensor possessed good stability and acceptable reproducibility, and could be prepared in batch.
Conclusions
A disposable electrochemical immunosensor for CEA was prepared by immobilizing CEA antigen on a Au-chitosan membrane modified ITO electrode surface. A competitive immunoassay format resulted in the binding of HRP-anti-CEA antibody to the immobilized CEA antigen. Under catalysis of the formed immobilized HRP-labeled antibody, the amperometric response of the enzymatic reaction product was used for determining the serum CEA level. This prepared CEA immunosenor is more economic due to the low-cost ITO film electrode obtained from industrial mass production compared to the method usng a glassy-carbon electrode. 37 It possesses acceptable detection and storage stability for fabrication in batch.
This low-cost and flexible electrochemical immunosensor enables a more simple and economic immunoassay for CEA and other clinically important antigens.
